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Chapter I 
INTRODUCTION 
Hemerythrin is an iron -containing respiratory protein found in the 
erythrocytes of certain marine worms. It is a non-heme counterpart of 
hemoglobin, since it performs functionally the same role of oxygen trans-
port. and yet is structurally different and less complex than the hemo-
globin of mammals. A fuller understanding of the nature of this molecule 
could yield valuable information concerning the basic requirements for, 
and mechanisms of, reversible oxygen binding exhibited by both hemoglobin 
and hemerythrin. 
Hemerythrin, which has a molecular weight of 107, 000, has been shown 
to consist of eight identical subunits each having molecular weights of 
13, 500. Each subunit contains one sulfhydryl group and two iron atoms, 
and the iron to oxygen stoichiometry is 2: 1. The sulfhydryl groups react 
with organic mercurials to produce mercaptides. Various iron-coordinating 
ligands, such as azide, chloride, thiocyanate and fluoride complex with 
hemerythrin. This combination with ligands changes the absorption 
spectra as well as other properties of the protein. The nature of the iron 
·coordinating ligand associated with the hemerythrin molecule affects the 
2 
. 
reactivity of the sulfhydryl groups. This ligand effect, in which a reaction 
at one site of the protein affects the activity of a second site, is an 
example of allosteric interaction. 
The mechanism of the reactions of these sulfhydryl groups has an 
important bearing on the model proposed to explain the interact.ion between 
the sulfhydryl and ligand sites in hemerythrin. The aim of this paper is, 
therefore, to investigate the kinetics of the reaction of p-chloromercuri-
benzoate with the sulfhydryl group of the protein, hemerythrin. 
Protein cysteinyl groups have had the distinction of receiving more 
attention than any other functional group of protein molecules. This is 
undoubtedly due to its high reactivity with a wide variety of more or less 
specific sulfhydryl reagents. Of the reactions proved useful for estimating 
the presence of sulfhydryl groups in proteins, there are two major ones: 
1) the reaction with oxidizing reagents to form disulfide bonds; and 
2) the reaction with heavy metals, especially silver and mercury to 
form mercaptides. 
1) 2RSH + o 2 .. ~-- RSSR + 
2) RSH + CaH5HgCl --~ + HCl 
These, and other reactions involving protein sulfhydryl groups are 
discussed in review articles of Cecil (1963) and Boyer (1959). 
--
3 
The principal difficulty encountered in the determination of sulfhydryls 
in proteins, is the phenomenon of graded reactivity. F.or any protein, the 
sulfhydryl content determined is dependent od the state of the protein, the 
particular reagent employed, and the conditions of the experiment. If a 
native protein is treated w_ith a sulfhydryl reagent under a given set of 
conditions, a certain number of sulfhydryl groups can be titrated. If 
the protein is then denatured, and the titration repeated, the number of 
sulfhydryl groups reacting may be higher. For this reason, the sulfhydryl 
groups of any particular protein have been classified (Barron, 1951) as 
"freely reacting," "sluggish," and "non-reactive." It is possible that the 
latter two classes do not exist as free sulfhydryls in the protein, but 
' 
rather ip the form of some cyclic reversible structure. Riordan and 
Vallee (1967) listed the factors that determine sulfhydryl group activity as: 
a) location in the three dimensional structure of the protein; b) micro-
scopic environment or neighboring group effects; and c), interaction of 
other functional groups. The explanation usually offered for the non-
reactive or "masked" sulfhydryls, is that these groups are located inside 
the protein structure, and hence not accessible to sulfhydryl reagents. 
In the various reactions involving mercaptide formation, sulfhydryl 
groups are usually determined by titrating with graded amounts of metal 
ion, silver or mercury, and measuring the excess unreacted ion by 
4 
amperometric, potentiometric, or colorimetric methods. The only 
method that directly measures the mercaptide product formed is Boyer's 
spectrophotometric titration technique. Thes1~ procedures are described 
by Benesch and Benesch (1962). 
Reactions with organic mercurials have proved particularly useful. 
Since one of the valences in such organic compounds is occupied by a 
covalent link to carbon, the reaction with a sulfhydryl group proceeds 
monovalently, according to the simple equation: 
, -
" R-Hg-X + R·S R-Hg-S-R + x 
One of these compounds, parachlqromercuribenzoate, PMB, was first 
studied extensively by Hellerman (1937). Boyer (1954) utilized this 
compound in developing a titration method which directly measures the 
mercaptide product formed, by measuring the increase in absorbance at 
250 mµ that accompanies this reaction. 
Several investigators have made use of this spectrophotometric 
neasurement of the sulfhydryl reaction with PMB to determine the number 
of such reactive groups present, and also to measure the rates of this 
reaction. 
Hellerman and coworkers (1943) reacted urease with PMB, in a series 
of discontinuous titrations. The ureolytic activity of the enzyme was then 
measured to determine the relationship between enzymic sulfhydryl groups, 
' 
and the mechanisms of their activation and irlactivation. He found that a 
definite amount of PMB must be added before inactivation begins, and 
inactivation is completed only when two molecular eauivalents of mercurial 
reagent are added. This was interpreted by assuming that there are 
two sulfhydryl groups involved. The first group is near the surface and 
readily reacted, but not concerned with enzymic activity, while the second 
is more directly related to activity, but somewhat "protected" from 
reaction. 
Such protected or masked sulfhydryls was also demonstrated in 
hemerythrin (Keresztes-Nagy and Klotz, 1967). In the absence of iron-
coordinating ligands, hemerythrin does not react with the sulfhydryl 
reagent N-Ethylmaleimide, NEM. The NEM was added to a solution of 
non-liganded hemerythrin, the solution was divided into two aliquots, and 
' 
sodium azide was added to one of these aliquots. Subsequent ultracentri-
fugation demonstrated that only the azide-containing aliquot had reacted, 
with subseauent dissociation into monomers. The aliquot containing 
unliganded hemerythrin and NEM remained in the octameric form. This 
lack of effectiveness of NEM alone could be due to: l) the NEM failed to 
react with the sulfhydryl group or 2) it did react but failed to cause 
6 
dissociation. In order to establish which of these postulates was true, 
part of the solution containing unliganded hemerythrin and NEM was 
' dialyzed to remove unreacted NEM. After dia1ysis, sodium azide was 
added. If the NEM had reacted, but azide was required for dissociation, 
then dissociation should have occured at this step. On the other hand, 
if NEM had not reacted, and consequently was entirely removed during 
dialysis, subsequent addition of azide would have no effect. Since no 
dissociation occurred at this point, it indicated that in the absence of 
iron-coordinating ligands, hemerythrin's sulfhydryl groups are masked 
and unreactive. 
In a study (Koeppe, et. al., 1956) of the acylenzyme intermediate, 
form.ed during the catalysis of aldehyde oxidation by glyceraldehyde-3-
phosphate dehydrogenase, GDH, it was found that 11. 2 sulfhydryl groups 
react immediately with PMB. However, the increase in absorbance which 
occurs over the next 40 minutes indicates the presence of about three 
more sulfhydryl groups which react more slowly. 
Neilands (1954), using Boyer's titration technique, estimated the 
number of sulfhydryl groups present in the lactic dehydrogenase of the 
heart, to be about two groups per mole of enzyme. However, Takenaka 
7 
and Schwert (1956) report finding four moles of sulfhydryl, per mole of the 
same enzyme, reacting with PMB. This discrepancy iillustrates that an 
' I 
analysis for the presence of "reactive " sulfhydryl groups of a protein 
cannot be considered conclusive, since reactivity is largely a matter of 
definition, and depends on experimental conditions. 
The role of the sulfhydryl group in the protein molecule has been 
extensively investigated and discussed. (Boyer, 1956 and 196Q: Barron, 
1951: Cecil, 1963: Chinard and Hellerman, 1954; Hellerman, Chinard 
and Dietz, 1943; Keresztes-Nagy and Klotz, 1963; Kress, Bono, and 
Noda, 1965; Mazur, Litt, and Sh~rr, 1950: Riggs, 1952: Schoenbach, 
Weissman, and Armistead, 1951; Velick, 1953.) However, though data 
can be accumulated to show the importance of the intact group to some 
functions, the mechanisms by which the sulfhydryl group contributes to 
that function is still largely unknown. 
It is, first of all, known to contribute in some way to the catalytic 
activity of a vast number of enzymes, classified as sulfhydryl enzymes. 
A sulfhydryl enzyme was defined by Boyer {1959) as one that loses 
catalytic activity when some or all of its original -SH groups undergo 
chemical modification. A tabulation, compiled by Boyer, covering a 
period of only 2 1/2 years, included 134 enzymes which had been reported 
8 
as sulfhydryl enzymes within this definition. These enzymes could be 
classified as: 1) those which contained -SH groups that react slowly with 
loss of activity: 2) those with -SH groups th~t react auickly with loss 
of activity: and 3) those with -SH groups that react rapidly without loss 
of activity, followed by activity loss when more sluggish groups react. 
Another function attributed to sulfhydryl groups in proteins is that 
they are involved in the binding at the active site. An example is the .metal· 
loprotein enzyme, carboxypeptidase-A. Coombs and coworkers (1964) 
reversibly removed the functional zinc atom, forming the stable inactive 
apoenzyme. The metal binding site was then modified by selective 
reagents. PMB does not react with the native enzyme. However, when 
zinc is removed, the apoenzyme complexes with 1. 06 moles of PMB. 
Following this reaction, the restoration of the metal, and consequently 
reactivation of the enzyme was blocked. Based on this finding, it was 
concluded that this -SH group was essential to the binding of zinc at the 
active site. 
The sulfhydryl groups in hemoglobin have been linked to its two 
physiologically important properties, namely the sigmoid shape of its 
oxygenation curve, and the Bohr effect. The characteristic shape of 
hemoglobin's oxygen saturation plot, which does not follow the hyper-
9 
bolic path predicted by mass action considerations for the reaction, 
Hbg + o2~«::---> HqG 2 
i 
has been interpreted by assuming facilitating interactions between the 
heme moieties of the tetrameric .hemoglobin molecule. Riggs (1952) 
presented evidence indicating that the sulfuydryl groups of hemoglobin 
were in someway linked with the mechanism of these heme-heme inter-
actions. Addition of PMB to fresh undialyzed solutions of hemoglobin· 
produced a large decrease in the steepness of the oxygen equilibrium curve. 
The slope, ~' of the Hill plot, which can be considered a measure of the 
degree of heme-heme interaction, drops from 2. 9 to 1. 5. This drop was 
accompanied by a shift in the saturation curve from sigmoid toward 
hyperbolic, indicating the loss of interaction. No further effects could be 
produced by increasing the concentration of mercurial beyond two moles 
per mole of hemoglobin. The Bohr effect is the name given to the effect 
of co2, or more accurately, pH, on the oxygen binding of hemoglobin. 
Riggs (1.959) showed that the magnitude of the Bohr effect, in a great 
variety of mammalian hemoglobins, was directly proportional to the 
number of sulfuydryl groups present. Manwell (1958) studying another 
species of hemerythrin-containing worm, reported a hyperbolic 
oxygenation curve, and no Bohr effect. 
r-~----------------------------------------
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Unlike the disulfide groupsi the sulfhydryl groups have no well documen-
ted structural role in proteins. There is even doubt as to whether the -SH 
groups contribute anything at all to structure. 1• Boyer (1960) states that it is 
highly probable that the -SH groups participate in the quarternary structure 
of a protein through hydrogen bonding of the -SH to nitrogen and oxygen 
atoms. 
One type of evidence cited for this possible participation of sulfhydryl 
groups in the protein structure, is the structural change which accompanies 
merca' ptide formation, or other reaction of the -SH groups. There are 
several examples of proteins which dissociate into subunits when their 
sulfhydryl groups are blocked by a mercurial reagent; 1) muscle 
phosphorylase (Madsen and Cori, 1956): 2) Turnip Yellow l\f osaic Virus , 
(Godschalk and Veldstra, 1965): and 3) hemerythrin, (Keresztes-Nagy 
and Klotz, 1963). 
Madsen arid Cori (1965) found that muscle phosphorylase A, when 
treated with PMB splits into four subunits. This reaction with PMB 
was followed, both by measuring the rate of mercaptide formation, and the 
rate of deactivation. By both methods the reaction was found to be second 
order, which means the velocity of the reaction is dependent on the 
concentration of both the PMB and the protein. It was found also by 
,,. ______________________________________ ~ 
......-
Il 
sedimentation anq light scattering methods, that dissociation into the four 
monomers followed the reaction with PMB. (Madsen, 1956). The 
dissociation reaction was shown to be first otder, and to occur slower than 
the PMB reaction itself. Both reactions, however, exhibit "all-or-none" 
phenomena; When enough PMB is added to react with 50% of the -SH 
groups pre-sent, it is 50% inactivated and 50% dissociated. But because of 
the time lag, the inhibition of enzymic activity cannot be directly attributed 
to the dissociation of the molecule. Furthermore, the reaction of the 
-SH in the protein occurs more slowly than the same reaction of an -SH 
group on a low molecular weight compound. These facts led Madsen and 
Gurd (1956) to conclude two things·: 1) it is the reaction of "sluggish"' or 
relatively inaccessible -SH groups that leads to structural change: and 
2) the time lag shows that the intramolecular bonding by -SH was not 
the sole force in the maintainance of molecular integrity. 
Boyer (1959) suggested a plausible explanation for these findings that 
did not require any direct participation of the -SH groups in holding the 
phosphorylase molecule together. This theory assumes that the -SH groups 
are located in some sterically unfavorable position. A localized confor-
mational change removes the steric constraint upon the reactivity of a 
single -SH group and it reacts rapidly with PMB. A return to the original 
~--------------------------------------., 
12 
conformation is thus prevented. A series of such events could lead to a 
weakening of the whole molecular structure with resulting denaturation 
' 
or cleavage. The interpretation given by Cecil and McPhee (1959) for 
this same phenomenon, however, is to postulate some labile link involving 
the -SH groups which is, at least partially, responsible for the structure. 
Such links. are broken by the reaction of PMB with the sulfhydryl group 
with subsequent disintegration of the protein. 
In earlier studies (Klotz, Klotz, and Fiess, 1957) the sulfhydryl groups 
of hemerythrin were thought to possibly be involved in the protein'. s 
ability to bind oxygen. This was also concluded (Keresztes-Nagy, 1962) 
from the failure to reoxygenate the monomer following the dissociation of 
the octomeric molecule to monomers through the reaction with sulfhydryl-
blocking reagents. Later this was apparently accomplished (Keresztes-
Nagy and Klotz, 1963) and the difficulty was attributed to the lability of the 
iron in the monomeric state. (Keresztes-Nagy, 1964). ·. So, although the 
cysteinyl residue groups may have no role in oxygen binding, they are 
found to be important in maintaining the protein in the octameric state. 
If hemerythrin is treated with any reagent that reacts with the sulfhydryl 
groups, dissociation occurs. This dissociation exhibits an all-or-none 
phenomenon, meaning that th.ere is a linear. 1:1 relationship between % 
dissociation and %-SH groups titrated. Complete dissociation occurs at the 
~-------------~~------.. 
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stoichiometric end point. (Keresztes-Nagy and Klotz, 1963). 
Addition _of cysteine or cysteine ethyl ester reverses the dissociation 
.i 
by preferentially complexing the mercurial. The complete dissociation of 
hemerythrin was first accomplished by treatment of the protein with sue -
cinic anhydride. (Klotz and Keresztes-Nagy, 1962) The mechanism of this 
dissociation was attributed to the repulsion produced by the large negative 
charge introduced when succinic anhydride was covalently linked to th·e 
molecule. It was later found (Keresztes-Nagy, 1964) that the dissociation 
is not caused by charge effects, but by the reaction of the succinic 
anhydride with the sulfhydryl groups. The -SH groups were first blocked 
by a mercurial which produced dissociation, and then the protein monomers 
were succinylated. When the mercurial was removed, the succinylated 
could still be reconstituted back to octamer, in spite of the large negative 
charges. So, in hemerythrin, the evidence indicates an important role for 
the sulfhydryl group in maintaining the octameric struc'ture .. 
It was shown in the case of phosphorylase (Madsen and Cori, 1956), as 
well as muscle lactic dehydrogenase (Takenaka and Schwert, 1956), that the 
reaction of all o~ the sulfhydryl groups of the protein with PMB follows 
second order kinetics. A possible explanation is found in Madsen and 
· Gurd's (1956) observation that the reaction appeared to be an "all-or-non.e" 
~·------~----------~--------------, r, 
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phenomenon. The reaction of the first -SH group of the molecule increases 
the reactivity of the remaining 17, so that their reaction follows, in 
' preference to any other -SH group. This wo~ld indicate a strong interact-
ion in the molecule, but since the rate of the first -SH group reaction 
would be very much slower than the rates of the subsequent reactions· it 
would be rate limiting and the reaction would behave in a second order 
manner. 
Perhaps the most well known example of a reaction at one site of a 
molecule enhancing the reactivity of identical sites on the same molecule 
is hemoglobin. 
There have been several attempts to provide a molecular interpretation 
of an ··all-or-none" reaction in terms of such intramolecular interactions. 
Three specific mechanisms in which the rate of reaction of the several 
sulfhydryl groups of a single protein molecule is limited by an initial 
reaction are discussed by Gerhart and Schachman. (1968). The first 
is the "wedge" or ''zipper" model originally proposed by Madsen and 
Gurd (1956) and Boyer (1958). The limiting reaction of this model is the 
formation of the first mercaptide bond, after which all other groups react 
rapidly. The second mechanism is a change in conformation of the 
protein to expose all sulfhydryl groups. A third possible explanation for 
r -
15 
all-or-none behavior is the dissociation model of Keresztes-Nagy and 
Klotz. (1965). 
i 
The first model has been explained in the discussion of phosphorylase. 
The second mechanism was proposed by Monad, Wyman, and Changeux 
(1965) as a general molecular model to explain many types of intramolecu-
lar interactions. 
This model is particularly useful in interpreting, on a molecular 
level, the possible nature of the heme interactions causing hemoglobin 
to bind oxygen in an all-or-none fashion. Rather than the infinite number 
of conformational variations available to the molecule in the Boyer theory,. 
this model conceived of two symmetrical states, in equilibrium with each 
other. One of these forms was reactive, the other was not. The reaction 
at one site of the reactive form would "freeze" the molecule in that form, 
enabling all other reactive sites on that same molecule to react. The 
oxygen or other ligand would have altered the eouilibirum between the two 
forms, causing a shift toward more reactive forms. 
Keresztes-Nagy and Klotz (1965) used a variation of this type of model 
to explain both hemerythrin's all-or-none phenomenon and the effect of 
iron-coordinating ligands on sulfhydryl reactivity. In this case it was the 
octameric protein that was the unreactive form and the monomer was the 
16 
reactive form. Ligands acted by altering the equilibrium between the two 
forms, making more or less monomers available, with their sulfhydryl 
' groups expos.ed and readily reactive with POMB. 
There were three assumptions inherent in this dissociation model 
that were areas in which research could be done to test this theory. The 
first was the existence of an equilibrium between octameric and monomeric 
hemerythrin. Second was that the monomer had a greater affinity for· 
ligands that the octamer, and finally the sulfhydryl group in the monomer 
was more reactive than the sulfhydryl group in the octamer. 
Supporting evidence for the first assumption, the existence of an 
octamer-monomer eouilibrium was given by hybridization of native and 
succinylated hemerythrin. (Keresztes-Nagy, et. al., 1965) Mild succiny-
lation, or treating native hemerythrin with a small amount of succinic 
anhdride in relation to the total amount of protein, results in a marked 
hemerythrin. This marked hemerythrin is still in the octameric form, but 
bears a larger negative charge and hence a greater electrophoretic mobility. 
It was shown that a mixture of native hemerythrin with this marked 
hemerythrin produced hybrid hemerythrin with varying mobilities. This 
would be the expected result if the native hemerythrin was in eouilibrium 
with a small amount of the monomeric form, and the succinylated heme-
17 
rythrin was in equilibrium with its monomers. Further evidence for the 
existence of such an octomer-monomer equilibrium was given by the 
' sedimentation velocity experiments of Klapper and coworkers. {1966). 
These ultracentrifugation experiments also provided evidence for the 
correctness of the second assumption, that the monomer had a greater 
affinity for ligands than the octamer. At low concentrations, thiocyanate 
was found to promote the dissociation of hemerythrin into its monomeric sub-
units. This effect of the anion on the dissociation equilibrium is a reflec-
tion of the greater affinity that the monomer has for the ligand than does the 
octamer. 
Because there was experimental evidence in support of the first two 
statements, . - a study of the kinetics of the PMB-hemerythrin reaction was 
undertaken to ascertain whether the reactive species was the octameric or 
monomeric form. 
In fairly concentrated solutions of hemerythrin the protein will exist 
primarily as the octamer. 
The dissoci::i.tion model for the mechanism of the reaction of the 
sulfhydryl groups of hemerythrin would result in either of two possible 
observed reaction orders: 
Hr8·----~ 
slow 
8 Hr 
PMB 
fast , 
; 
Hr-S-PMB 
As shown above, if the dissociation step is slow, and the reaction with 
18 
PMB is fast, the overall rate should show first order dependence in the 
protein, and zero order in mercurial concentration. 
PMB 
8Hr ______ _,,, 
fast slow Hr-S-PMB 
However, when the second reaction is rate limiting and slow relative to 
the hemerythrin dissociation, the rate then should be first order in both 
monomer and PMB concentrations. 
The concentration of the monomer is equal to the eighth root of the 
product of the equilibrium constant and the concentration of the octamer. 
~ K ·~ [Hr~/li1r8J 
tHi:l = ~ K [Hrs) 
8Hr 
This would mean that the reaction would be almost independent of the 
octamer concentration, and would, therefore, yield kinetic data showing 
first order with respect to PMB and zero order in protein concentration. 
Second order kinetics, showing the reaction rate to be dependent on the 
. 19 
concentration of octameric protein and on the PMB concentration would 
effectively prove that it is not the monomer that i~ the reactive form. 
' 
... 
In this research an attempt has been made to establish the kinetics of 
the reaction involving hemerythrin and sulfhydryl reacting reagent. This 
was done to provide supporting evidence for a molecular interpretation of 
the allosteric interactions that had been shown to occur in this octameric 
protein molecule. 
The direct measurement of the formation of the Hg-S bond, utilizing 
Boyer's technique, is used in this kinetic study. The method essentially 
consists in measuring the increments in absorption at 250 mp, when 
hemerythrin is reacted with PMB, versus time. 
""'-----------------------------------------------, 
Chapter II 
MATERIALS AND METHODS 
Materials 
' 
,· 
Golfingia fouldii specimens were obtained from Marine Biological 
Laboratories, Woods Hole, Massachusetts. 
Tris (hydroxymethyl) aminomethane - Trizma Base, Reagent Grade, 
Sigma Chemical Company. 
Cacodylic acid - - Purified, Fischer Scientific Company 
PMB · - p-Chloromercuribenzoate, sodium salt, Calbiochem 
Glutathione - - reduced, crys~alline grade 
All other chemicals were of reagent grade quality. 
Preparation of crystalline oxyhemerythrin Protein 
Coelomic blood from approximately 100 specimens of Golfingia gouldii 
is obtained by slitting the worm's abdomen, and drainii;ig the fluid. After 
separating the fibrin by whipping with a glass rod and filtering through 
glass wool, the blood is centrifuged and the supernatant decanted and 
discarded. The cells are then washed 4 to 5 times in cold 2. 5% saline sol-
. ution. Following each centrifugation the supernatant wash liquid and as 
much as possible of the whitish layer forming at the cell-liquid interface 
is ren'loved by use of a vacuum aspirator. Overnight laking in cold, triply 
""------------------------------------------, 
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distilled water released the hemerythrin from the cells, and the suspension 
is centrifuged again for two hours, at o0 c, at 30, 000 RPM. The super 
' 
natant is then dialyzed for 12 hours in a cold t-oom against one liter of 
20% ethanol. The crystalline hemerythrin formed during dialysis is c entrif 
uged, and washed in 20% ethanol; then, it is centrifuged again, and the 
supernatant wash liouid discarded. The. tube containing the wet crystals 
is finally stoppered, sealed with parafilm and frozen. (Klotz, et. al. , 
1957). 
Preparation of Chloro-Methemerythrin 
Thirty to forty milligrams of crystalline oxyhemerythrin are dissolved 
in 25 ml of 0. 01 M tris-cacodylic ·acid buffer, pH7. 0. This buffer is made 
1. OM. in fluoride ion, and 0. 5 M in chloride ion by the addition of sodium 
fluoride and sodium chloride. The solution is allowed to stand at room 
temperature for approximately 30 minutes, or until the red color has 
changed to yellow. The solution is then centrifuged, and dialyzed against 
one liter volumes of constantly stirred buff er. The dialysis is continued 
for about 24 hours in the cold room, with 3-4 changes of the dialysis 
buffer. The first dialysis buffer is 1 liter of 0. OlM tris-cacodylic acid 
buffer, pH7. 0, ivhich is 0. 05M in CC. This is replaced after 3-4 hours, 
with 1 liter 0. OlM tris-cacodylic ·acid buffer, pH 7. 0, 0. lOM in Cl-. 
The chloride ion concentration in the buffer is gradually increased, until 
..... 
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the last dialysis of the protein is against 0. OlM tris-cacodylic acid buffer, 
pH 7. 0, 0. 5M in Cl-. The dialyzate is then centrifuged and stored in the 
' 
refrigerator. In some cases the aquo form df hemerythrin was prepared 
first, and the chloro form formed from this by the addition of sodium 
chloride. Five to ten milligrams of crystalline K 3Fe (CN) 6 ar·e added 
to a solution of thirty to forty milligrams of crystalline oxyhemerythrin 
in 25 ml of 0. OlM tris-cacodylic acid buffer, pH 7. 0, in the preparation 
of aauo-hemerythrin . When the solution has turned yellowish-green it 
is centrifuged and dialzed as was previously described. The first dialysis 
buffer is I liter of 0. 01 M tris-cacodylic acid buffer, pH 8. 0. The pH is 
gradually lowered in sucessive buffer changes until the last dialysis of 
the protein is against 0. OlM tris-cacodylic acid buffer, pH 7. 0. 
Determination of the Concentration of the Protein 
1. By Iron Analysis 
A solution containing 0. 1 ml of hemerythrin is 2. 9 ml water, 5. 0 ml 
of a 0. 025% o-phenanthroline solution, and 0. 1 ml of a 0. 88M hydroxyla-
mine hydrochloride solution is prepared. A blank is also prepared using 
the same volumes of reagents, but adding 3. 0 ml water, and no protein 
solution. For complete color development a thirty minute interval is 
allowed to elapse. Next, the solutions are centrifuged, and aliauots 
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transferred to 1 cm photocells. The absorbance of the prot~in containing 
solution is read on a Beckman DU spectrophotometer at 510 mp. After 
' 
correcting for the blank solution, the iron cohcentration, and therefore, 
also the protein concentratiol) can be obtained from a calibration curveJ 
after measuring the optical density of the iron-orthophenanthroline complex 
at this wavelength. (Keresztes-Nagy, 1962). 
2. By specific Absorption in the Ultraviolet Range 
The absorption spectra of the hemerythrin solutions used in the sub-
sequent experiments, were obtained on a Cary 15 Double Beam Spectro-
photometer. These spectra display peaks in the regions of 280 mp., 330 
mp, and 379 mp. Extinction coefficients for the various liganded complexes 
of hemerythrin, at each of the absorption peaks are given by Nagy and Klotz 
(1965). These extinction coefficients, in the visible range of the spectra, 
are characteristic of the particular liganded complex of hemerythrin, and 
not to.the total amount of protein. The absorption at 280 mp was, there-
fore, used in calculating the total protein concentration. The protein 
concentration, determined from the optical density at 280 mp, based on 
an extinction coefficient of 2. 73 cm liter/g protein, is then converted from 
mg/ml protein to moles of -SH using the eauivalent weight of 13, 500 for 
hemerythrin. 
~-~----------------------------------, 
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Buffer Preparation 
The buffer used throughout the experiments, to dissolve and dilute 
the protein and PMB was a solution containing a mixture of tris (hydroxy-
methyl) aminomethane, and cacodylic acid at pH 7. 0. This buffer does 
not contain any ions capable of complexing iron, and since the buffering 
range of cacodylic acid (pK ca. 6. 2) is from pH 5-7. 5, and that of Tris 
0 (pK ca. 8. 8. t 0 c. ) from about pH 7. 5 to IO, the combined buffer 
covers continuously almost the whole pH range of stability of hemerythrin. 
Preparation and Standardization of PMB 
Approximately 40 mg of p-chloromercuribenzoate is dissolved in 15-
20 ml of O. IM tris-cacodylic acid buffer, centrifuged, transferred to a 25 
ml volumetric flask, and made to volume with buff er. This solution is 
stored in a light opaque container in the refrigerator. After two weeks the 
concentration will have dropped by approximately 3% and therefore restan-
dardization at freauent intervals is required. 
The standardization of the PMB is done using two freshly prepared 
solutions of gluthatione which are made by dissolving 5-15mg in 0. IM 
triscacodylic acid buff er in a 5 ml volumetric flask. The calculations for 
one typical standardization will be given. Glutathione solution A, contains 
7. 0 mg., and solution B, 9. 0 mg. GSH/5ml. The concentration of these 
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solutions will be: 
wt. of GSH in mg 
5 ml x 
Jl moles · 
0. 307mg 
l 
= p moles/mlGSH 
A mixture of 2. 95ml of 0. lM tris-cacodylic acid buffer, and 50 micro-
liters of the PMB solution to be standardized, is placed in each of two 
matching silica photocells. Twenty-five microliter aliquots of one of the 
glutathione solutions are then added to one of the cells, the contents mixed, 
and the optical density is measured at 250 mµ after each addition. The 
observed optical densities are corrected for dilution, and plotted against 
the volume of glutathione added. This procedure is then repeated using the 
second glutathione solution. The end point for each titration is obtained 
from the intersection of the two lines, as shown in figure 1. Using 
solution A, it required 59 pl of GSH to titrate the 50 µl of PMB, and with 
GSH solution B, the end point occurred at 50 µl. PMB concentration is then 
obtained from the following relationships: 
)1 moles PMB 
ml 
For solution A, 
x 0. 050ml = Jl moles GSH x ml GSH at 
endpoint 
p. moles PMB = 4. 56 p moles GSH/ml x 0. 0. 59ml 
0. 050 ml 
= 5. 38 )l moles/ml· 
<-·', 
,,. 
! ---------------------------------------------------------------------------, 
For solution B, 
p moles PMB = 5. 86 µmoles GSH/ml x. 0. 050ml 
0. 050ml 
' i 
= 5. 86 p moles/ml 
Spectrophotometric Technique for Investigation of Reaction Kinetics 
27 
, The method devised by Boyer which directly measures formation of the 
Hg-S bond was used in these kinetics studies. {Boyer, 1954 and Bene.sch 
and Benesch, 1962.) All reactions are carried out in 0.1 M tris-cacodylic 
acid buffer at pH 7. 0, at 18. 5 _::: 0. 2°c. A. Beckman DU Spectrophoto-
meter, with a water cooled cell chamber was used to monitor these 
kinetic experiments. The temperature in the cell compartment was 
maintained constant at 18. 5 + 0. 2°c using a Neslab Tamson Circulation 
Thermostat, Model TZ3 in conjunction with a Neslab Portable Bath Cooler, 
Model PBC-4. The absorbance at 250 m)l. atributable to the reactants 
alone was overcome by the use of sodium azide solution in the blank. In 
each experiment an aliquot of hemerythrin solution in one cell was balanced 
with NaN 3 solution in the second cell. An estimate of the volume of 
concentrated NaN3 solution that would be reauired to equal the absorbance 
of a given concentration of protein solutions was made, using the experi-
mentally determined molar extinction of 96. 9. The volumes and chloride 
r-----------------------------------, 
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concentrations in both cells are then adjusted, using the buff er solution, 
so that addition of the appropriate aliquot of PMB solution will bring both 
cells to a final volume of 3. 0 ml which is 0. 02M in chloride ion. PMB is 
now added to the blank and set at zero absorbance. At time zero, the PMB 
is added to the sample cell, the contents mixed, and the increase in 
optical density of the sample cell measured at suitably spaced time inter-
vals. The blank is zeroed before each reading of the sample cells absor-
bance. 
Procedure for Demonstrating Pseudo-First Order Kinetic Behavior 
Two series of experiments are carried out, each one of which was 
done according to the general procedure just described. In the first series, 
the concentration of the PMB was held constant and in a large excess 
() 5X) while the concentration of hemerythrin was varied by a constant 
increment in each experiment. In the second series, the hemerythrin was 
kept constant and in excess, while varying the PMB concentration. Diffi-
culties were encou,ntered with the second series of experiments due to the 
high absorbance of the excess protein. These were partially overcome by 
lowering the concentration of the reactants. And, as a consequence, in 
some experiments, it was necessary to employ a recorder and scale 
expander to enhance the signal generated by the mercaptide bond formation. 
r----------------------------------------------__, 
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A Linear-Log Varicord Model 43 was connected to the Beckman DU 
Spectrophotometer for this purpose. The expansion factor was calculated 
for each such experiment by using two separa,te blank cells. These two 
cells had be.en prepared to have an optical density difference of 0. 100 O. D. 
These blanks, plus the protein containing cell and its corresponding 
blank cell, were read at 250 mp using the log recorder with the range set 
to 25. The scale was then expanded by switching the range setting to 10. 
After the range knob has been turned, any slight adjustments that must be 
made to zero the blank again are done with the zero suppression knob, and 
not by altering slit width. Changing the slit width will change the scale 
expansion factor. The optical density difference between the two blanks, 
whose absorbance was known, was again recorded; from this the scale 
expansion factor was calculated. The reaction was then initiated, as usual, 
·by the addition of PMB to the sample cell and blank, and the rise in 
optical density occurring in the hemerythrin cell recorded. 
~ 
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Chapter III 
EXPERIMENTAL RESULTS 
i 
Establishment of a Linear Relationship Between Mercaptide Bond Formation 
and the Amount of Sulfhydryl Groups Present in Hemerythrin 
The method for measuring the rate and extent of the reaction of sulf-
hydryl groups with PMB, is based on the spectral shift in the 250 mp 
region which accompanies the formation of the mercaptide. The usefulness 
of this_. procedure in establis~ing the kinetics of a sulfhydryl reaction, 
is dependent on the validity of the assumption that one PMB molecule reacts 
with each -SH group in the protein to form a mercaptide bond. It is known 
that hemerythrin has only one sulfhydryl group per monomer and conse-
ouently would be expected to react with PMB in a 1:1 manner, and that only 
this bond would contribute to the 250 mp absorption. This was demonstra-
ted by carrying out a spectrophotometric titration of the PMB with heme-
rythrin. Eight reactions were conducted according to the procedure des-
cribed in Chapter II. Since under these conditions there was no increase 
between 45 minutes and 60 minutes, the absorbance reading taken 60 min-
utes after the addition of the 25 microliters of PMB to each cell and sub-
seauent mixing, was taken as the endpoint. Each of these endpoints were 
then used as separate points of a plot of optical density versus increasing 
hemerythrin concentration. The data obtained is assembled in Table 1. 
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Table I 
Data for the Titration of PMB with Increasing Concentration of Hemerythrin 
Volume of [PM~ 
Exp# protein [Hr] [protei:r-D end point 
1 25 ,( 1. 05 x l0- 5M 4.4 0.075 
2 50A 
. -5 
2.10 x 10 M 2.2 0. 151 
3 75;. 3. 15 x l0- 5M 1. 5 0.225 
4 lOOJ. 4. 20 x 10-5M 1. 1 0.303 
5 12·5 A -5 5. 25 x 10 M 0.9 0.334 
6 150.A 6. 30 x 10- 5M 0.74 0.337 
7 175 .A. 7. 35 x 10- 5M 0.64 0.335 
8 200). 8. 40 x l0- 5M 0. 56 0.338 
(PMB} = 4. 68 x 10-5M 
The endpoint of this titration is shown on figure 2 as the intersection of 
the two lines, and occurs at a concentration of 4. 63 x ip-5M hemerythrin. 
This indicates that 1. 01 moles of hemerythrin react per mole of PMB. The 
lack of additional spectral changes, after hemerythrin is present in excess 
of that required to react with all the PMB, indicates that the spectral shift 
is due only to the reaction with the sulfhydryl. If PMB combines with other 
functional sidechain9i or impurities that might be present in the hemerythrin 
preparation, such reactions do not result in an increase in absorpance at 
OJOO 
FIGURE 2. TITRATION OF -5 4.68 l:C 10 .M. PMS WITH 
INCREASlNG CONCENTATIONS OF HEMERYTHRIN 
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. . 
250 mp. Furthermore, as Boyer (1954) observed the linearity of the plot 
up to the equivalence point is evidence of the small dissociation of the 
rnercaptides f~rmed. t 
i 
The Effect of High Absorbance on the Extinction Coefficient 
As will be discussed later, .light scattering may, under conditions of high 
total absorbance, be an important source of experimental error. Fourteen 
experiments were conducted in the presence of excess PMB concentrations 
while the concentration of hemerythrin was increased in each by a constant 
-5 increment of 1. 05 x 10 M. The data is present in table II. 
Table II 
Data .Showing Effect of Absorbance on Extinction Coefficient 
0. D. at 
O. D. 5 1. 05xl0 M totalO. D. [m 
(Pr~ts.i~ [PMBJ [PMB] 250 end aliquot of- (calc. from cm liter 
xlO M xl0- 5M [Protein] point Protein of reactants) g 
1. 05 4. 68 4.4 0.075 0.075 0. 431 7143 
2. 10 4.68 2.2 0. 151 0.076 0.646 7190 
3. 14 4.68 1. 5 0.225 0.074 o. 86,2 7143 
4.30 4. 68 1. 1 0.303 0.078 1. 077 7214 
1. 05 46.83 44.6 0.079 0.079 2. 371 7524 
2.10 46.83 22.3 0. 150 o. 071 2.587' 7143 
3. 14 46.83 14. 9 0.223 0.073 2.802 7079 
4.30 46. 83 11. 2 0.293 0.070 3. 018 6976 
5.25 46. 83 8.9 0.365 0.072 3.233 6952 
6.30 46.83 7.4 0.435 0.070 3.449 6905 
7.35 46.83 6.4 0.528 0.093 3.664 7183 
8.40 46. 83 5.6 0.609 0. 081 3.880 7250 
9.45 46. 83 5.0 0.669 0.060 4.095 7080 
10. 5 46.a3 4.5 0.766 0.097 . 4.309 
. . . ~ . . .7295 . 
P"' 
---------------------------------------------------------------. 
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The optical density difference, per aliquot of protein, column 5 above, 
should remain constant, as the total absorbance, of the two reactants alone, 
column 6, is increasing, if the scattering due,:to absorbance is insigni-
ficant. This proves to be the case, when the total absorbance of the two 
reactants alone is below 3. 5. However, greater variability is seen in the 
high absorbance range. A high intensity deuterium lamp allowed all these 
experiments to be done at slit widths < 0. 2 mm. The extinction coefficient 
was calculated for each experiment, and those values obtained with a 
total absorbance < 3. 0 0. D. units were averaged to give 7. 20 x 103 cm 
liter/mole. This value was used as the molar extinction coefficient for 
the mercaptide complex. 
Determination of the Order of the Reaction. 
Table 3 shows the pertinent data of a typical kinetic experiment in this 
investigation. 
Table III 
Data from a Kinetic Experiment with PMB in Slight Excess 
time in minutes O. D. 250 mp corrected O. D. 
0 0.003 
add 25A PMB to both cells 
1 min 0.020 0. 017 
. 34 
· Table III cont. 
3 min. 0.036 
' 
0.033 
,· 
5 min. 0.045 0.042 
10 min. 0.069 0.066 
15 min. 0.088 0.085 
20 min. 0. 105 0.102 
25 min. 0.115 0. 112 
30 min. 0. 129 0. 126 
45 min. 0. 153 0. 150 
60 min. 0.170 0. 167 
75 min. 0.190 0.187 
90 min. 0.196 0. 193 
120 min. 0. 212 0.209 
Cell l contains 2. 955 ml T-C buffer+ 20.A of 1. 0 NaN3 solution. Cell 
2 contains 2. 900 ml T-C buffer+ 75J- protein. Sensitivity setting is 5, 
slit width 0. 15mm, and temperature is 18. 5°C. [Protei~ 
-5 (PM~ = 4. 68 x 10 M [PMB1 = 1. 5 
{Protein] 
-5 . 
= 3.15xl0 M 
' 
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Because after two hours, no further increase in absorbancy was obser-
ved, the readings were discontinued at that time'. The optical densities 
. 
obtained, plotted versus time in minutes, is shown on figure 3. The order 
of this reaction was then determined by substitution of the data into the 
integrated second order rate equation. Then the second order rate con-
sta_nts was obtained graphically. 
The velocity 'of a second order reaction is expressed as: 
v = k 2 (a-x) (b-x) 
"where a = concentration of one reactant 
b = concentration of other reactant 
x = concentration of product formed at time, t 
k 2 = rate constant. 
This can be integrated to the form: 
2. 3 (a-x) 2 • 3 b 
k 2t = a-b log (b-x) + a - b log a 
(a-x) 
Therefore, if the time in seconds is plotted versus the log (b-x), 
a second order reaction will result in a· straight line with a slope, m, 
2.3 
equal to k 2 (a-b) Table 4 shows the calculations necessary for 
this substitution. 
FIGURE 3. MERCAPTIDE FORMATION [HEMERYTHRIN) = 
3.15 x 10-5. M , [pMB] = 4.68 x 10-S .M 
-
0.300-j ·· 
0.200 
.. 
. 
0 
0 0.100 
<l 
o.ooo-1-----..-----.------.-----~-----.----~-
o 1s · ao 45 Go 75 to ' "" en
TIME IN MINUTES 
Table IV 
Calculation of Data in Table III into Integrated Second Order Rate Equation 
time in a - x (a-x) 
seconds calculation of x x = a-x = b-x = b -x lob(b-x) 
60 0. 225 -5 0. 018 
-6 
-5 2. 898 x l0- 5M 3. 15 x 10 = x 2. 52 x 10 M 4. 428 x 10 M 1. 528 0. 184 
0.225 0.042 
-6 -5 300 3. 15 x 10- 5 = x 5. 83 x 10 M 4. 097 x l0- 5M 2. 567 x 10 M 1. 596 0.203 
o. 225 -5 0.066 
-6 -5 -5 600 3. 15 x 10 = x 9. 23 x 10 M 3. 757 x 10 M 2. 227 x 10 M 1. 687 0.227 
0. 225 -5 0.085 
-5 -5 
-5 900 3. 15 x 10 = x 1. 196 x 10 M 3~ 484 x 10 M 1. 954 x 10 M 1. 783 0. 251 
0. 225 -5 0. 126 
-5 -5 -5 1800 3. 15 x 10 = x 1. 764 x 10 M 2. 916 x 10 M 1. 386 x 10 M 2.104 0.323 
o. 225 -5 0. 151 
-5 -5 
-5 2700 3. 15 x 10 = x 2. 120 x 10 M 2. 560 x 10 M 1. 030 x 10 M 2.483 0.395 
[PMB) 
-5 
a = = 4 .. 68 x 10_ 5 M , 
(.\)'. 
-.J 
b = [Hr~ = 3. 15 x 10 M, 
endpoint= O. 225. 
' 
~ 
r 
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From these figures the graph shown in figure 4 was obtained. It is a 
straight line with a slope, m, of 12, 527 seconds~ A second order rate 
' 
,· 
constant can be evaluated from the relationship: 
2.3 
k2 = m (a-b} 
a-b = (4. 68 x 10- 5M) 
= 1. 53 x 10- 5M 
12 1. 1 -1 -1 k 2 = iter mo e sec 
However, if this same data is calculated to fit a first order equation, 
a 
by plotting a=x- versus time in seconds, where a represents concentration 
of hemerythrin, a straight line graph is also obtained. This is not true if 
a represents concentration of PMB. This data is shown in table 5. 
Table V 
Calculation of Data in Table III into Integrated First Order Equation 
with a = Hemerythrin Concentration 
time in a a 
seconds a - x a - x loga-X: 
60 -5 1. 087 0.03623 2. 898 x 10_~ 
300 2. 567 x 10 M 1. 227 0.08884 
600 2. 221 x lo:~ 1. 414 0. 15045 
900 1. 954 x 10 _~ 1. 612 0.20737 
1800 1. 386 x 10 -~ 2.273 0.35660 
2700 1. 030 x 10 M 3.058 0.48544 
(Hr] -5 a = = 3. 15 x 10 M 
endpoint = 0.225 
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This graph is shown in figure 5 and indicates the reaction is first order . 
in respect to hemerythrin concentration, at least initially. 
Table 6 gives the calculations for the corlverse condition. 
Table V1 
Calculation of Data in Table III into Integrated First Order Equation 
with a = PMB Concentration 
time in a a 
--
seconds a - x a - x log a - x 
60 -5 4. 428 x 10 _5 M 1. 058 0.02449 
300 4. 097 x 10 M 1. 142 0.05805 
600 3. 757 x lO=~M 1. 246 0.09552 
900 3. 484 x 10_ 5 M 1. 344 0. 12840 1800 2. 916 x 10 M 1. 605 0.20548 
2700 2. 560 x l0- 5M 1. 829 0.26221 
a = [PMB] = 4. 683 x 10- 5M, endpoint = 0. 225 
The graph of this data as shown in figure 6, does not yield a straight 
line and indicates the reaction is not first order in PMB concentration, 
since at no time is hemerythrin in excess. 
Verification of the Order in the Presence of an Excess of One Reactant 
In order to establish the true order of the reaction the experiments 
were conducted while holding one of the reactants constant and in large 
excess. 
1. Experiments with Excess PMB Concentration 
r-----------------------------------------.' 
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FIGURE 6. FIRST ORDER PLOT FROM DATA IN.· 
FIGURE 3 A= [f'iv1Bj = 4.60 x 10-5 .M. 
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Ten experiments were done in this series. The data from one typical 
experiment is shown in table 7. 
Table VII 
Data from Typical Kinetic Experiment Done with PMB Concentration in Excess 
time in minutes 
0 
add 250.J..PMB 
1 min 
3 min 
5 min 
10 min 
15 min 
20 min 
25 min 
30 min 
45 min 
60 min 
0. D. 250 mµ 
-0.002 
0.085 
0.192 
0.246 
0.291 
0.304 
0.303 
0.298 
0. 301 
0.303 
0.303 
corrected O. D. 
0.087• 
0.194 
0.248 
0.293 
0.306 
0.305 
0. 300 
0.303 
0.305 
Q.305 
Cell l contains 2. 720 ml buffer+ 30.J\of 1. OM NaN 3. Cell 2 contains 2. 650 
ml buffer + 100 J-. protein. Sensitivity setting is 8, slit width 0. 15 mm, and 
temperature 18. 5°C. 
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FIGURE 7. MERCAPTIDE FORMATION 
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absorbance of reactants alone = 3. 02 vs H 2o 
45 
The reaction was discontinued after one hour and graphed. The expec-
ted endpoint, using [ m = 7. 20 x 103, was O. 304 and this was found to be 
in good agreement with the experimental value. From this t l/ 2 = 2 minutes 
as is shown in figure 7. Half time, t 1/2, is the time at which one half the 
initial concentration sulfhydryl groups have reacted to form the Hg-S bond. 
This t 1/2, within limits of reading, seemed invariant for all experiments in 
this series, which suggests first order, but first order rate constants must 
also be obtained, because of the poor precision in measuring t 1/2. 
The rate equation for a first o rder reaction is: 
v = k1 (a-x) 
where a = Concentration of hemerythrin 
x = Concentration of product formed at time, t. 
k1 = rate constant 
This can be integrated to give: 
a 
log a - x = 
'. ~ . ' 
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FIGURE 8. PSEUDO-FIRST ORDER PLOT FROM DATA IN FIGURE 7 
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Therefore, if this reaction conforms to first order behavior, a plot of 
a 
log a - x versus the time in seconds will yield a straight line passing 
through the origin. 
Table 8 shows the calculations required for this plot. 
Table VIII 
Calculation of Data in Table VII into Integrated First Order Equation 
with a = Hemerythrin Concentration 
time in 
seconds calculation of x 
eo 
180 
300 
600 
1800 
o. 304 -5 0. 087 
4. 20 x 10 = x 
0. 304 -5 0. 194 
4. 20 xlO = x 
0.304 0.248 
_5 
4. 20 x 10 ' = x 
0. 304 -5 0. 293 
4. 20 x 10 = x 
0.304 
-5 
4. 20 x 10 = 
0.303 
x 
a = (Hzj -5 = 4. 20 x 10 M 
endpoint= 0. 304 
a 
x. a - x = a - x = 
1. 20xl0- 5M 3. Oxl0-5 1. 399 
-5 6 3. 43xl0 M 7. 70xl0- 5. 395 
4. 05xl0- 5M 1. 44xl0- 6 29. 24 
-5 4.19xl0 M 1. 69xl0_ 9, 2. 49xl04 
a 
loga-x= 
0. 146 
0. 441 
0.732 
1. 466 
4.396 
r 
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The plot obtained when these figures are graphed, as shown in figure 8, 
is. a straight line with a slope, m, of 2. 44 x 10-~ sec -l. Since k1 = 2. 3m, 
the pseudo first-order rate constant = 5. 62 x fo- 3 /second, ~ 0. 01. This 
corresponds to a theoretical t 1/2 of 123. 3 seconds, which agrees with the 
observed 2 minutes. 
This entire. series of experimehts is summarized in Table 9: 
Table IX 
Summary of Data Obtained from Series of Experiments with PMB in Excess 
H emerythri.% PMB Cone. ratio end -1 ~sec 
Cone. x 10 M x 10-4M excess point -x10-3 
1. 05 4.683 44.6 0.079 5. 63 
2.10 4. 683 22.3 0.150 5. 62 
3. 15 4.683 14. 9 0.223 5. 62 
4.20 4.683 11. 9 0.293 5.59 
5.25 4.683 8. 9 0.365 5. 64 
6. 30 4.683 7.4 0.435 5. 62 
7.35 4.683 6.4 0.528 5. 62 
8.40 4.683 5. 6 0.609 5.62 
9.45 4.683 5.0 0.669 5. 62 
10.'5 4. 683 4.5 0.766 5. 61 
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2. Experiments with Excess Hemerythrin Concentration 
Five experiments were done in this series.· The data from one typical 
experiment is shown in table 10. 
Table X 
Data from Typical Kinetic Experiment Done with Hemerythrin 
Concentration in Excess 
time in minutes 0. D. 250 mµ corrected O. D. 
0 -0.005 
add 10 A PMB to each cell 
1 0. 017 0. 012 
3 0.036 0.031 
5 0.059 0.054 
10 0.085 0.080 
15 0.105 0.100 
20 0.117 0.112 
25 0.125 0.120 
30 0.131 0.126 
45 0.138 0.133 
Cell 1 contains 2. 910 ml buffer+ 80Aof 1. OM NaN3 solution. Cell 2 contains 
2. 690 ml buffer + 300 A protein. Sensitivity setting is 8, slit width o: 2mm, 
0 
and temperature 18. 5 C 
-5 
. [PM~ = 1. 8 7 x 10 M 
[Protei~ 
[ProteiriJ 
[PMBJ 
. -4 
= 1. 26 x 10 M 
= 6. 7 
Absorbance of reactants alone = 2. 67 vs H 0 
- 2 
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The reaction was terminated at 45 minutes, and the endpoint, 0. 135, wai 
obtained from the extinction coefficient. The plot of this experiment shown 
in figure 9. An experimental t 1/ 2 of approximately 7. 5 minutes was 
obtained from the graph. 
The calculations for obtaining, graphically, a first order rate constant 
for this reaction are shown in table 11. 
Table XI 
Calculation of Data in Table X into Integrated First Order Equation 
with a = PMB Concentration 
~ime in a a 
~econds calculation of x x = a - x = a - x = log a=x '= 
o. 135 -5 0. 012 
-6 60 1. 87 x 10 = x 1. 70xl0 1. 70xl0-5 1. 10 o. 041 
0.135 0. 031 
-6 180 1. 87 x 10- 5 = x 4. 37xl0 1. 433xl0- 5 1. 30 0.116 
0. 135 -5 0.054 
7. 52xl0- 6 -5 300 1. 87 x 10 = x 1. 118xl0 1. 58 0. 199 
0.135 0.080 
-5 7. 55xlo- 6 600 1. 87 x 10-5 .., x 1. 114xl0 2.475 0.394 
o. 135 -5 0.100 
-5 4. 80xl0- 6 900 1. 87 x 10 = x 1. 390x10 3.90 0. 591 
0. 135 -5 0. 126 
1800 . -5 1. 23xl0- 6 15.24 1. 183 l. 87 x 10 . = x 1. 747xl0 
i.. 
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FIGURE 10. PSEUDO-FIRST ORDER PLOT FROM 
DATA IN FIGURE 9 PROTEIN IN EXCESS 
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a = [PMB] 
-5 
= 1. 87 x 10 M 
endpoint = 0. 135 
From the figures in the above table, the graph in figure 10 is obtained. 
This line has a slope of 6. 58 x 10- 3 sec -l 
for this reaction. 
k1 = 2. 3m 
-3 
= 2. 3 x 6. 58 x 10 
- 1. 51x10-:- 3 I sec is the rate constant 
This series of experiments is summarized in Table 12. 
Table XII 
Summary of Data Obtained from Series of Experiments 
with Hemerythrin in Excess 
ratio end -1 t 1/2 Heme_:ythrin Cone. PM~5Conc. k1sec 
x 10 M x 10 M excess point min. x 10-S 
1. 26 0.937 13. 5 0.055 7. 6 1. 51 
1. 26 1. 87 6.7 0.115 7 .. 5 1. 51 
1. 26 2. 81 4.5 0. 179 7. 6 1. 51 
1. 26 3.75 3.4 0. 253 7.7 1. 51 
1. 26 4.68 2. 7 0. 317 7.5 1. 51 
Only five experiments were done in this series because of the diffi-
culties introduced by high absorbance when the protein concentration is high. 
The first exp_eriment in this series was· done using an expanded scale, as 
described in the procedures, to amplify the low signal being observed. 
r 
Chapter IV 
CONCLUSION 
Discussion 
One of the reasons for the wide applicability of Boyer's spectrophoto-
metric method of studying the reaction of sulfhydryl groups of proteins with 
PMB is that the maximum absorption changes associated with the mercap-
tide bond formation, occur in a region where there is a minimum in the 
ultraviolet absorption of proteins. Nevertheless, both the hemerythrin 
protein solution, and the PMB solution itself, do absorb at 250 mµ. When 
. the concentration of either, particularly the strongly absorbing hemerythrin 
solution, is raised to a large excess, which is necessary to study the 
kinetics under pseudo-first order conditions, the absorbance in the blank 
is also raised. Therefore, the increase in optical density observed, attri-
butable to mercaptide bond formation, was obtained in some experiments 
when the total absorbance of the reactants alone was as high as 4. 5 optical 
density units. We studied the effect of high absorbance on this reaction, 
and found that up to approximately 3. 5 O. D. units the error was negligible. 
The experimentally obtained first order rate constants and half time 
measurements were, sometimes, derived using an endpoint which was 
corrected to theoretical, based on a mqlar extinction coefficient of 7. 20 x 
103 cm/mole/liter in order .to terminate the experiment before the final 
..... 
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experimental endpoint had been obtained. This was calculated as explained 
in Chapter III, and corresponds to the values of 7. 8 x 103 cm/inole/liter 
' 
of sulfhydryl found by Boyer {1954) for egg albumin, and 7. 2 x 103 cm/ 
mole/liter in phosphorylase {Madsen and Cori, 1956) Lactic dehydrogen-
ase was found to be 7. 2 x 103 cm/mole/liter by Takenaka and Schwert {1956) 
and glyceraldehyde-2-phosphate dehydrogenase was reported as 7. 8 x 103 
cm/mole/liter by Koeppe and coworkers {1956). 
The chloromethemerythrin was first chosen as a convenient form to 
study the kinetics of the sulfhydryl reaction, because of the stabilizing ef-
feet afforded the protein by the presence of the chloride ion. It was found 
that a chloride ion concentration of 0. 02 M resulted in a reaction rate that 
could be easily followed. 
From the equilibrium constant of 40, it can be calculated that at this 
concentration the protein will exist as a mixture of about 44% chloro, and 
56% aquo form. From the experimental fact that there was no biphasic 
reaction, which was shown also by the fact that it fit a second order plot, 
the conclusion may be made that only one type of hemerythrin molecule 
-
participates in the reaction. This was discussed by Guidotti {19 67a). 
Presumably, this also implies the existence of a chloro-aquo hybrid. 
Similar observations have been made when chloride ion concentrations were 
·.· 
r 
systematically changed from 0. 0001Mto1. OM. In each case a single 
monophasic reaction rate curve was obtained. ,(Fransioli, 1969). 
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The second order rate constant obtained, 12 liters/mole/ second, may 
be compared to the constants of 7. 5 and 20. 5 liters/mole/ second found 
at 2a0 c for lactoglobulin and ovalbumin respectively (Boyer, 1954). Mad-
sen and Cori (1956) found a k2 of 0. 85 liters/mole/ second at 21°c. for 
muscle phosphorylase. The second order constant reported for lactic 
dehydrogenase (Takenaka and Schwert, 1956) is 61. 4 liters/mole/ second. 
These second order rate constants reported for various proteins are all 
in the range of variation that can be obtained with hemerythrin by varying 
the nature and concentration of iron-coordinating ligand. (Fransioli, 1969). 
However, a sequence of first order reactions could produce identical 
results. Such a simulated second order can be tested by forcing the 
reaction into pseudo first-order condition. If one reactant is kept in 
large excess, and the reaction rate shown to be directly proportional to 
the concentration of the other reactant, the rate is first order with respect 
to the variable reactant. These pseudo-order experiments do indeed 
demonstrate that the reaction is first order in PMB concentration, and 
.also first order. in protein concentration. This verifies the overall second 
order kinetics of the reaction. 
!" 
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This kinetic finding can be shown in several ways. If two typical ex-
periments are taken, .one of which is performed under conditions of excess 
' (>5x) PMB, and the other carried out under condition of excess hemerythrin. 
The decreasing sulfhydryl concentration is logarithmic with time as re-
quired by first order kinetics. The data for this is in table 13, ·and the 
result is the typical pseudo-first order rate plots shown in figure 11. 
Table XIII 
Calculation of Data to Illustrate Pseudo First Order Finding 
Cone. of unre- Fraction Cone. of unre- Fraction 
Time acted -SH when unreacted acted -SH when unreacted 
in mins. PMB in excess -SH Hr in excess -SH 
0 -5 8. 40 x 10 M 1 I. 87 x lo- 5 1 
1 -5 6. 02 x 10 M 0. 716 1. 70 x 10-5 0. 91 
3 3. 05 x 10-5M 0.363 1. 433 x 10-5 0.77 
5 -5 1. 55 x 10 M 0. 184 1. 118 x 10- 5 0. 60 
10 2. 88 x 10- 6M 0.034 7. 555 x 10- 6 0.40 
Another way of illustrating .the partial orders of the reaction simul-
taneously, is to show that for both series of pseudo order experiments, the 
plot of ititial velocity versus the concentration of the variable reactant is 
a straight line. This is shown in figur~ 12.. For these calculations initial 
velocity is defined as the increase in optical density occurring during the 
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Figure 12. Pseudo-First Order 
Rate Plots 
Upper Line 
Lower Line 
. . 
PMB in Excess 
Protein in Excess 
• 
.. 
Concentration of Variable Reactant x io- 5M 
Top: [Protein] varied 
-Bottom: [PMB] varied 
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first minute after the initiation of the reaction. 
Table 14 gives the calculations for this plot. 
,. 
Table XIV 
Calculation of Data to Illustrate Pseudo-First Order 
Based on Initial Velocity Determination 
% reacted 
8.8 
9.2 
7.4 
8.5 
8. 3 
* defined in text 
% reacted 
31 
29 
29 
29 
28 
Hr in Excess 
initial velocity * 
Lo x lo-4 
2.0xl0-4 
2. 5 x 10-4 
/ 3. 8 x 10-4 
. -4 
4. 6 x 10 
PMB in Excess 
initial velocity>:c 
-4 3. 60 x 10 
-4 
7. 16 x 10 
-4 
11. 00 x 10. 
-4 14. 50 x 10 
18. 00 x 10-4 
Cone .. of PMB lVI' 
0. 856 x 10- 5 
1. 70 x 10- 5 
2. 60 x 10- 5 
-5 
2. 43 x 10 
-5 4. 29 x 10. 
Cone. of Hr M 
0. 749 x 10- 5 
-5 
1. 50 x 10 
2.24xl0- 5 
. -5 
3. 00 x 10 
3. 75 x 10- 5 
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Table XIV cont. 
PMB in Excess 
"lo reacted initial velocity* Cone. of Hr M 
28 21. 33 x 10 
-4 
4. 53 x 10 -5 
28 25. 33 x 10 -4 5. 25 x 10 -5 
28 
. -4 
28. 66 x 10 6. 02 x 10 -5 
28 32. 66 x 10-4 6. 74 x 10 -5 
28 36. 66 x 10 -4 7.46xl0- 5 
* defined in text 
Because, under pseudo-order conditions, one of the two reactants is 
kept in a large enough excess so that the portion which has reacted at time, 
t, is negligibly small, the velocity of the reaction is made to depend only 
on the concentration of the second reactant. This pseudo-rate constant, 
k1, is mathematically the proportionality constant, between the reaction 
velocity, and the concentration of the variable reactant. This is the reason 
that in both series of reactions, as was shown in tables 8 and ll, the kl 
obtained had to be independent of the concentration of the variable species. 
The value t l/ 2, the time at which half of the original -SH groups will have 
reacted to form the mercaptide bond, is directly related to a first order 
rate constant, by the relationship: 
0.693 
t 1/2 = kl 
", < •• ~·'· 
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Conseauently the t l/ 2 values in each series should also be a constant value. 
These two constant.s correspond to the above equation within experi-
mental error: ' i 
a) When PMB is in excess, the observed t 1/2 = 2 minutes, or 
120 seconds, 
0.693 
k1 = t 1/2 
k1 = 5.77xto-
3 theoretical 
average k1 = 5. 62 x 10-
3 experimental 
b) When hemerythrin is in excess, the observed t 1/2 = 7 1/2 minutes 
or 450 seconds, 
0.693 
kl = t 1/2 
~ = 1. 54 x 10- 3 theoretical 
-3 
average k1 = 1. 51 x 10 experimental 
It has already been stated that because of the conditions of the experi-
ment the reactant in excess can be considered as a constant. 
if v = k 2 (A) (B) 
and A becomes another constant the reaction is :reduced to 
v = k1 (B) 
This pseudo rate constant is then in fact mathematically equivalent to the 
produce of the reaction's true second order constant and the concentration 
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of the excess reactant: 
.. ~ = k 2 (A) 
4 ' 
a) when a = excess PMB = 4. 683 x 10- NJ. and k 2 = 12 moles/l/ sec 
(12 moles l-1sec-1) (4. 683 x 10-4M} = k1 = 5. 61 x l0-
3sec-l 
b} when a = excess hemerythrin = 1. 26 x 10- 4M and k 2=12moles l-1sec-1 
(12 moles l-1sec-l} (1. 26 x 10-4M} = k1 =1. 51x10- 3. 
This is in excellent agreement with the average k1 values given above. 
The experimental results obtained, therefore, all strongly support the 
conclusion that the reaction between hemerythrin and the organic mercurial, 
PMB, is kinetically true second order. 
This establishment of the kinetics of the reaction of PMB with heme-
rythrin as being second order indicates that the slowest step in the reaction 
must involve the octameric species. Since this is contradictory to the 
prediction based on the dissociation model, in which the monomer was the 
reactive species, a new hypothesis has to be proposed that would account 
for both the second order kinetics, and also for hemerythrin's all-or-none 
behavior. The simplest explanation is Boyer's model for phosphorylase 
involving very strong interaction between the first slowly reacting group 
and the other sulfhydryl groups in the molecule. All-or-none implicitly 
involves cooperative interaction between the reactive sites on a given 
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molecule. Reaction at one site somehow changes the reactivity of the other 
sites so that they will b_e the next to react rathe,r than similar sites on other 
molecules. Ligand binding in hemerythrin shOuld exhibit such cooperative 
behavior if the presence of anion shifts the octamer-monomer equilibrium, 
making eight reactive sites available which had previously been masked. 
But such interaction does not appear to exist in hemerythrin, and the slope 
of the Hill plot for all ligands has been shown to be one, indicating the 
independance of all sites (Keresztes-Nagy and Klotz, 1965). But very strong 
interaction would also appear as independent reactive sites.., since only the 
first slow-reacting step would be observed. This is a difficult model to 
prove and consequently a more attractive hypotheS'lis is the following which 
involves a prebinding step ... 
'" 
A molecular interpretation that could also adequately explain both an 
all-or-none phenomenon and the observed second order reaction rate was 
suggested by Godschalk and Veldstra's work (1966) on Turnip Yellow Mosaic 
Virus. Like hemerythrin, the protein component of this virus, also reacted 
with aliphatic mercurial reagents with resulting dissociation into subunits. 
However, it was found that a certain amount of the PCMB can be bound to 
the protein before the protein breaks down into subunits. Boyer's theory 
provided a reasonable interpretation for such findings based on the 
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cumulative steric effect eventually leading to denaturation and dissociation. 
In order to further investigate this point, a series of simple aliphatic 
mercurials, of differing molecular weight, Wi'ere reacted with the virus and 
their degradative effects observed. Any steric effect should be evidenced 
by a decreasing lag between binding and dissociation as the molecular 
weight of the mercurial increased. ·It was expected that the protein could 
bind more of a small group, without breaking down, than of a larger sub-
stituent. They, however, found no lag between binding and dissociation 
with these compounds at all. A 1:1 linear relationship was found between 
substitution adn dissociation, as with hemerythrin. 
These investigators proposed an explanation for the observed phenom-
ena based on the change in protein conformation induced by changing the 
ratio of polar to non-polar groups of the molecule. Although the reaction 
of a mercury compound with a thiol group is energetically favored, if the 
activation energy is too high, reaction at otherwise less favorable sites 
can occur. If this binding causes surface denaturation of the protein, the 
structure will be "opened up" to reveal the more reactive sulfhydryl groups 
which can then react with free, or already absorped mercurial. Such 
surface denaturation could account for both the all-or-none character of a 
proteins interaction and explain the experimental second order behavior of 
its kinetics. The PMB would first react with non-sulfhydryl sites on the 
~.- ~' '. ·: 
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surface of the octameric hemerythrin molecule. This initial binding step 
would be presumed to be relatively slow, and would be the rate limiting 
step of the reaction. This non-degradative binding would lead to surface 
I 
denaturation, resulting in the exposure of the more reactive sulfhydryl sites, 
either in octamer or monomer state, which would then preferentially react 
with the available mercurial and cause dissociation. An alternate hypo-
thesis would be for a relatively fast binding step, followed by a slow rate-
limiting conformational change ~tep. Ke:resztes-Nagy and Klotz (1963) 
have observed at least one example of an azomercurial dye which bound 
the protein, but did not cause dissociation. If the existence of a pre-
binding step between hemerythrin. and PCMB can be established, the 
earlier probelm of how /!ron-coordinating ligands affect the reactivity of 
the sulfhydryl groups at distinct sites on the molecule can be again returned 
to. With a molecular model involving a pre-binding step, the ligand effect 
can be conceived of a being operative either at the level of the initial binding 
sit~ by making surface denaturation more or less effective, or at the sub-
sequent dissociation step. 
Abstract 
The spectrophotometric titration of hemerythrin' s reactive sulfhydryl 
groups proved to be an effective technique for studying the kinetics of the 
reaction between paramercuribenzoate and the sulfhydryl groups of heme-
67 
rythrin. This reaction was shown to accord with true second order kinetics. 
Such a conclusion cannot be reconciled with the. simple dissociation model 
first proposed to explain the all-or-none behavior of hemerythrin's dissoc-
iation. and the effect of iron-coordinating ligands on the reactivity of the 
sulfhydryl group. Second order kinetics implies that the slowest step in 
the reaction involves the octameric form of the protein. This helps to 
support the theory that the ligands cause conformational alterations in the 
protein. A direct controlling interaction of ligand anions with the sulf -
hydryl groups at the octameric level would be a decisive factor in the 
explanation of the cooperative interaction between distinct sites on the 
molecule. 
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